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I. INTRODUCTION
Since the discovery of high-temperature superconductors (HTS), 1 the HTS thin film is much concerned due to its convenience for fundamental study on superconductivity as well as its potential application of zero-resistance devices operating at liquid nitrogen temperature. Recently, with the rapid development of the second-generation HTS tapes, the epitaxial growth of REBa 2 Cu 3 O 7-d (REBCO, RE ¼ Y, Nd, Eu, etc., rare earths) 2 superconducting thin films are being investigated extensively with the expectations of higher transport critical current (I c ) as well as better performance in magnetic fields. Obviously, it is a simple way to improve the I c by increasing thickness of the REBCO layer, provided that the critical current density J c is constant. It is widely known, however, that as the REBCO film thickness increases to a certain magnitude such as 3 lm, the J c , even the I c drops rapidly. 3 This is so-called thickness effect of HTS films regardless of the applied fabrication method, 4, 5 being a critical issue of the development of the second-generation HTS tapes and the power applications such as cables and magnetic coils.
A few possible reasons for the above thickness effect have been proposed, including the increase in surface roughness and the decrease in the practical temperature at the top surface of thin films during the deposition which leads to the microcracks due to the degeneration of orthogonally lattice structure and the difference in thermal expansion coefficient between the epilayer and substrate. Foltyn et al. reported that it is an effective way to overcome the thickness effect on J c by inserting the ultra thin CeO 2 layers into the thicker YBa 2 Cu 3 O 7-d (YBCO) layer. 6 Due to the good lattice matches between the inserted layer and superconducting layer, the epitaxial texture of separated YBCO layer can be maintained in the total superconducting layers and the thickness effect can be suppressed in certain extent. Although a lot of efforts have been made on the understanding and overcoming the degradation of superconducting performance with increasing film thickness, the interior residual stress in the YBCO film dependence on the film thickness as well as the associated texture and surface morphology are far away from clearness. More detailed investigation into these issues is desired obviously.
In the present work, a series of YBCO thin films with various thicknesses are prepared with respect to the understanding of the questions mentioned above, especially on the aspects of surface morphology and interior residual stress. The atomic force microscopy (AFM) and x-ray diffractions (XRD) are used to observe the surface morphology and the texture of the studied films, respectively. Whereas the Raman spectrum is particularly applied to analyze the residual stress associated with lattice mismatches and a-axis grains emerging at the top surface of YBCO thicker thin films.
II. EXPERIMENTAL DETAILS
A series of YBCO thin films are prepared on (00l) SrTiO 3 single crystal substrate through the technique of pulsed laser deposition (PLD). The applied excimer laser wavelength, energy density, deposition temperature, and oxygen pressure C, and 800 mTorr, respectively. Four samples with different thicknesses of 80 nm, 320 nm, 1000 nm, and 2000 nm are namely Y80, Y320, Y1000, and Y2000, respectively. They are obtained by controlling various laser pulse numbers when the other preparation conditions remain identical. The thicknesses for all the present samples are confirmed by the step profiler. The surface morphology and texture are observed by AFM and XRD, respectively. The T c s are characterized by means of the standard four-probe method, where the current flows along the (a, b) plane of YBCO film. All the J c values presented in this paper are calculated from magnetization curves (M-H) tested by a cryostat equipped with a 9 T magnet, according to the expanded Bean model.
The Raman microscopy measurement is made by using a Renishaw InVia imaging Raman microprobe equipped with the Ar þ laser with 514.5 nm wavelength. The samples are placed on the instrument stage with the incident laser radiation normal to the surfaces of the films and the backscattered radiation was collected through the same Leica optic. The resolution for the Raman measurements is less than 0.5 cm
À1
. All the measurements are being done at the room temperature.
III. RESULTS AND DISCUSSIONS
A. Grain orientation and surface morphologies Figure 1 shows the XRD patterns for the studied YBCO films. The (00l) peaks of YBCO are strong and clear, indicating the epitaxial c-axis growth of all the specimens. Raman spectrums shown in Figure 2 evidences the presence of O4 phonon mode in the case of thick samples, implying a-axis grains occurring regardless of they are hardly identified through the XRD measurement.
Obviously, the peak intensity of the O2þ/O3þ mode enhances as the thickness increases. In the case of thinner samples such as Y80 and Y320, the O2þ/O3þ mode peaks are nearly absent, while they are distinctly perceived in the thicker films such as Y2000. To understand these, one may recall previous works reported by Song et al., 7 where a series of YBCO films were prepared with different deposition temperatures (T s ). They realized that the lower the deposition temperature, the stronger the O2þ/O3þ mode peaks. Similarly, the top layers for present YBCO films are assumed to be growing at the lower deposition temperature as the deposited YBCO film is not a good thermal conductor, which gives the explanation that the top layer cannot be heated insufficiently. Hence, it is suggested that the observed enhancement of O2þ/O3þ mode is probably due to the decrease in the deposition temperature. And lower deposition temperature is disadvantaged for the growth of c-axis grains of YBCO.
As mentioned above, the O2þ/O3À mode for YBCO films is subject to c-axis orientation 8 and it should be strong enough for high-quality epitaxial YBCO film with perfect orthorhombic lattice. Indeed, for present thinner films including Y80, Y320, and Y1000, the intensity of the O2þ/O3 mode is prominent and nearly invariant because of high percent of c-axis orientation grains, while it is turned out to be much weak for the thick film, Y2000. It is thus suggested to use the intensity ratio I O2þ=O3À =I O4 based on the O4 mode and the O2þ/O3À mode as a distinct indication for the grains orientation fraction between the c-axis and a-axis. 9 As the thickness is less than 1000 nm, I O2þ=O3À =I O4 > 1, suggesting that the c-axis grains are dominant. In the case of thick films such as Y2000, I O2þ=O3À =I O4 < 1, suggesting that the a-axis grains are dominant. Note that such information is only applicable to the top layer due to the limited Raman test depth as mentioned before. Figure 3 demonstrates the surface morphologies for the studied YBCO films with various thicknesses, which are characterized by the regularly spaced array of growth islands, 10 together with a few small pinholes. Some small droplets are also observed on the film surface, which are believed as the CuO x precipitates, commonly existing in HTS films prepared by PLD. 11 As the thickness increases, more droplets appear and their sizes enlarge as well.
The average surface roughness for the samples with thicknesses in the range of 80-1000 nm is less than 11 nm, while the average surface roughness goes up to 42 nm in the case of 2000 nm film. Correspondently, the surface morphologies' qualities degrade due to the increasing roughness as the film thickness increases. Roughness observation is in agreement   FIG. 1 . X-ray diffraction patterns for the YBCO films with various thicknesses. 2012) with the measurement of Raman spectrum as shown in Figure 2 . For the sample Y2000, the strong peak corresponding to the O4 phonon mode implies a number of a-axis grains. These misaligned grains emerge at the top surface and can be easily detected through the Raman spectrum measured with a lowenergy laser source; however, they are hardly identified by XRD for which they provide the information for the whole YBCO layer. Hence, we believed that the grain misorientation (specially a-axis grains) is the main reason for the average surface roughness which is much larger in the thickest sample, Y2000.
FIG. 2. Raman
spectrum and characteristic phonon modes for the studied samples. 053903-2 Zeng et al. J. Appl. Phys. 112, 053903 (
B. Interior stress analysis based on Raman spectrum
According to the previous publications, 12 the Raman patterns for active phonon modes along c-axis of the ideal orthorhombic structured YBCO can be labeled as the Ba ($114 cm ), respectively. The broad Raman band in the range of 550-600 cm À1 is believed as the cation disorder associated with a Raman inactive phonon mode in perfectly lattice structured YBCO, which becomes active due to the disorder in the cation lattices that may lead to a local loss of inversion symmetry. 13 As for the O4 phonon mode, it is generally believed to be associated with the oxygen content d.
14 Huong et al. proposed the relationship between the oxygen content and the peak frequency of the O4 mode, i.e., d ¼ 13:58 À 0:027, where is the peak frequency of the O4 mode. For the present YBCO films, is around 500 cm
À1
, and d is valued as 0.08 according to the above equation, and thus the oxygen stoichiometry is estimated to be 7 À d ¼ 6:92. These imply that the oxygen contents in the studied YBCO films are sufficient, ensuring the crystalline structure being orthorhombic as well as the superconductivity being good enough regardless of a-axis grains partly present at the top surface. Note that the analysis above is based on an ideal orthorhombic lattice of YBCO, while the frequency positions of phonon mode may vary with the practical lattice structure.
Up to now, we have not discussed the stress effect for the present films yet. In reality, Raman spectroscopy is an effective technique to analyze the internal strain existing in the epitaxial films, as active Raman phonon modes are highly sensitive to the interior strain for a variety of epitaxial grown thin films and the corresponding Raman shift is a significant sign of stress variation. 15 As shown in Figure 4(a) , the sites of phonon peaks of the O2þ/O3À mode ($ 335 cm
) exhibit a pronounced Raman shift with thickness variation of thin films. Figure 4(b) illustrates the vibration of oxygen atoms in CuO 2 plane along the c-axis, which corresponds to the O2þ/O3À mode in Raman spectrum. As the film thicknesses increase from 80 nm to 1000 nm, the peak site of the O2þ/O3À phonon mode shows a Raman shift from 337.3 cm À1 to 334.9 cm
, which is believed to arise from the residual stresses in the (a, b) plane of YBCO. Since the lattice constant of the STO (a ¼ 0.3905 nm 16 ) is larger than that of YBCO (a ¼ 0.3817 nm), a strongest tensile stress may emerge at the interface between the epifilm and substrate, and gradually release in the subsequent layers. Accordingly, a reducing blueshift (redshift) of the phonon peak site in Raman spectrum occurs as a consequence of the release of tensile stress when the YBCO film thickness increases.
According to Venkataraman, 11 the Raman peak of the O2þ/O3À phonon mode for an ideal orthorhombic structure of YBCO is around 335 cm
. For our case, the O2þ/O3À phonon mode may vary subject to the film thickness. In case of Y1000, its position is at 334.9 cm
, extremely close to that of an ideal orthorhombic structure of YBCO. This suggests that the tensile stress induced by the lattice mismatch between the epifilm and substrate may be released mostly as the film thickness reach an intermediate value such as 1000 nm.
In the case of a thick film such as Y2000, a blueshift such as from 334.9 cm À1 to 336.8 cm À1 is observed again, suggesting that the tensile stress reentry, regardless of the release of the stress associated with the epifilm-substrate interface. Note that such a stress conversion occurs at far away from the substrate. Kawashima et al. ever proposed that the critical thickness of YBCO is around 1.35 lm, 17 and the tensile stress emerges as the film thickness is more than the critical value. Similar results are reported by Xiong et al., and they contributed the thickness-dependent tensile stress to the oxygen vacancies. 18 For the present case, it is believed that the re-entered tensile stress with increasing film thickness is associated with the emergence of a-axis grains at top layer as well as the increased surface roughness.
To give an intuitive understanding, we illustrate a possible growth model with respect to the lattice variation in Figure 4 (c). The tensile stress in the strained layer and relaxed layer decreases gradually with the lattice deformation from the non-ideal structure to the ideal orthorhombic structure. The tensile stress at the upper layer may emerge again as the film thickness being more than a critical value such as 1000 nm, gives rise to a tilted layer at the top surface.
C. Superconducting performances Figure 5 shows the superconducting transition temperature T c s and critical current density J c s for the studied YBCO films with various thicknesses. Critical current density is characterized by means of expanded Bean model based on magnetization measurement. 19 The sample of Y1000 exhibits the maximum J c , in consistent to the minimum interior residual stress in this range of film thickness, i.e., mostly relaxation of tensile stress from the lattice mismatch between the substrate and epifilm, and absence of subsequent tensile stress from grain misorientation at the top layer. It is believed that the interior residual stress plays a critical role on the maximum J c . Apart from these, the a-axis grains dominating at the top layer of thick films are obviously disadvantaged to the improvement of J c . For epitaxial YBCO films, the value of J c appears strongly subject to two following factors: the release of interior residual stress and distribution of a-axis grains. They may exhibit the highest J c as their thicknesses are in an intermediate region with minimum residual stress as shown in the shadow of Figure 5 . The inset of Figure 5 shows T c s for all the studied samples. Due to similar mechanism discussed above, the thinnest one, Y80, exhibits the lowest T c (¼86 K), while the sample with intermediate thickness shows highest T c thanks to the release of residual stress and the absence of subsequent tensile stress and a-axis grains.
IV. CONCLUSION
In the present work, YBCO thin films with various thicknesses are prepared on the single crystals SrTiO 3 by using the technique of pulsed laser deposition. It is realized that it is hard for XRD test to observe the lattice structure variation with increasing film thickness, while the Raman spectrum is able to demonstrate the interior residual stress as well as the associated evolution of surface texture with the film thickness, manifesting significant information on the thickness effect. It is revealed that as the film thickness is more than a critical value such as 1000 nm, the a-axis grains emerge at the top surface of the thin films, leading to subsequent tensile stress. It is thus understandable that the YBCO films with an intermediate film thickness such as 1000 nm exhibit the highest J c because of almost release of the tensile stress arising from the substrate. Therefore, the interior residual stress in YBCO films is critical. A growth model of YBCO film based on the lattice deformation is proposed to understanding the thickness effect on superconducting performance further. FIG. 5 . Thickness depends on critical current density J c (77 K, self field). Inset is the temperature dependence of resistance for the studied YBCO films with various thicknesses.
